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© Intraocular lens. 



© An artificial intraocular lens (10) features an op- 
tical body for refracting images onto the retina and 
an outer surface, that encloses the optical body, is 
exposed to fluid within the eye, and has a refractive 
index no greater than 1.40. in another aspect, the 
optical body includes an internal refractive surface 
whose contour can be selectively changed to change 
its refractive power. 
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Intraocular Lens 



Background of the Invention 

This invention relates to an artificial intraocular 
iens for insertion into the eye, for example to 
replace the natural lens after it has been removed 
because of injury or cataract 

A typical artificial intraocular iens (IOL) is fab- 
ricated of a clear, rigid, hydrophobic plastic ma- 
terial, usually polymethylmethacrylate (PMMA), to 
form an optical element with two curved faces. The 
IOL is typically implanted by inserting it via the 
same corneal or sclerotic incision used to remove 
the natural lens. 

Conventionally, the IOL provides a single re- 
fractive power (for example, about + 20 diopters} to 
focus images on the retina. The refractive power is 
determined by the relative indices of refraction of 
the eye's aqueous humor (1.34) and the lens ma- 
terial (1.50 in the case of PMMA) and the radii of 
curvature of the front and rear faces of the lens. 

The IOL can be implanted either in the anterior 
chamber (located between the iris and cornea) or 
the posterior chamber (behind the iris). Because 
the IOL is typically both smaller and more dense 
than the natural lens, it must be held in place either 
by clipping it directly to the iris or suspending it by 
attachment fixtures, called haptics. 

Various techniques have been proposed (a) to 
provide an IOL with a refraction power that can be 
changed to accommodate to distance or close-up 
viewing, (b) to render the IOL expandable to permit 
implantation of the contracted IOL via a small inci- 
sion, and (c) to impart neutral buoyancy to the IOL. 

Summary of the Invention 

The general feature of the invention is an IOL 
having an optical body that refracts images re- 
ceived via the cornea, and an outer surface that 
encloses the optical body, is exposed to fluid within 
the eye, and has a refractive index no greater than 
1.40. The lens suppresses internal reflections and 
the refractive power of the lens can be made to be 
largely independent of the external configuration of 
the lens. 

Preferred embodiments include the following 
features. The outer surface is a hydrogel polymer 
having an equilibrium water content of at least 
65%, preferably at least 75%, most preferably at 
least 90%. The polymer is a hydrophilic derivative 
of polyacrylic or polymethacryltc acid, for example 
a copolymer containing hydrophilic and hydropho- 
bic groups organized in continuous sequences. The 



hydrogel is covaJently cross-linked. The outer sur- 
face includes ionized negatively charged groups. 
The optical body has an outer layer on which the 
outer surface lies, and an inner layer of different 

5 refractive index from the outer layer, the inner and 
outer layers meeting at an interface, refraction by 
the lens occurring primarily (e.g., more than 50%) 
at the interface. 

The outer layer is a swellable material that has 

70 a gradient of swellability that decreases from a 
maximum value at the outer surface. The optical 
body has a plurality of layers comprising materials 
of different refractive index, the layers being de- 
fined by surfaces a plurality of which have the 

75 same radius of curvature. -The optical body has an 
inner layer (e.g., fluid) having front and rear optical 
faces, and an outer layer enclosing the inner layer, 
the outer surface of said lens having front and rear 
exposed optical surfaces on the outer layer, the 

20 outer layer comprising two internal optical faces 
that respectively cooperate with the front and rear 
optical faces of the inner layer to define a pair of 
refractive interfaces, the inner and outer layers 
comprising materials of different refractive index. 

25 The fluid is a gas having a composition corre- 
sponding to the partial pressure of gases dissolved 
in the intraocular medium. At least one of the 
refractive interfaces is convex or concave, or is a 
Fresnel-like surface, or is planar. 

30 In some embodiments, the contour of the outer 

surface, and the fronMo-back thickness of the lens, 
are the same as for a natural lens. In some em- 
bodiments, the lens can be temporarily altered in 
shape to permit it to be inserted through a 4 mm 2 

35 corneal incision. In some embodiments, the outer 
layer has a pair of fluid filled chambers located 
respectively in front of and behind the inner layer. 
The chambers are inflatable following implantation 
by absorption of water from the intraocular medium 

40 through the outer surface and into a dehydrated 
hydrophilic material in the chamber. In some em- 
bodiments, a rigid, resilient ring defines the perim- 
eter of the optical body, the outer layer comprising 
a pair of films formed on and spaced apart by the 

45 ring, and the inner layer being defined between the 
respective internal faces of the films. There is a 
spacer peg having its ends in contact with the 
internal faces for resisting movement of the films 
toward each other caused by intraocular pressure. 

so The peg is positioned on the optical axis of the 
eye. 

In some embodiments, the optical body com- 
prises means for imparting different selective re- 
fractive powers to the lens. The optical body has 
an enclosed chamber and the means for imparting 
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includes fluids of different refractive index and a 
means for supplying volumes of the fluids to the 
chamber. When two fluids are used they are im- 
miscible and of different density. One fluid is sa- 
line. The means for imparting includes a pair of 
layers within the optical body separated by a flexi- 
ble interface, and a means for shifting the contour 
of the interface. The pair of layers comprise a 
chamber and the interface comprises a membrane 
that divides the chamber into two subchambers, 
and the means for shifting comprises a means for 
pumping selectable volumes of fluid into the sub- 
chambers. The pump comprises a membrane, and 
a magnet cooperating with the membrane, the 
magnet being positioned to interact with an exter- 
nal magnet placed in proximity to the cornea of the 
eye. 

The lens has a central optical zone larger than 
5 mm, a selective refractive power (when implant- 
ed) of between +5 and +30 diopters, a refractive 
index no greater than 1.35, a thickness before 
implantation between 0.2 and 1 mm and after im- 
plantation between 1 and 5 mm, a diameter of the 
optical portion between 6 and 9 mm, and a density 
between 0.95 and 1.05 (preferably between 0.98 
and 1 .02). The ratio of the lens refractive power in 
air to its refractive power when implanted is lower 
than 3, preferably lower than 1 .5, 

A second general feature of the invention is a 
lens in which the contour of an internal refractive 
surface is changed to change its refractive power. 

Preferred embodiments include the following 
features. The internal refractive surface is a mem- 
brane separating two fluid-containing chambers and 
the fluid volumes or pressures are changed to 
switch the membrane from convex to concave. The 
fluids are supplied from two containers having flexi- 
ble walls to change the fluid volumes in the two 
chambers. The flexible walls comprise a single 
membrane forming a common wall between the 
two containers. A magnet triggers the contour 
change. The contour of the outer surface of the 
lens is not affected. 

The lens is collapsible and ,thus implantable 
with minimum trauma via a small incision, for ex- 
ample an incision as small as 4 mm 3 . Once im- 
planted, the lens is biocompatible with the in- 
traocular medium, can fill the space occupied by 
the natural lens, permits diffusion of low molecular 
weight compounds, and can have the same density 
as the natural lens. Internal reflection and chro- 
matic and spherical aberration are reduced. Hefrac- 
tive power in some embodiments can be changed 
.easily. The Fresnel-like lens surface can be used 
without its sharp facets damaging the eye tissue. A 
wide variety of refractive powers can be achieved 
in a lens whose external shape and size is appro- 
priate for implantation. The lens surface is gentle to 



surrounding tissue because the surface is highly 
hydrated, soft, and lubricious. When the density is 
identical to that of the intraocular medium, it may 
be possible to eliminate haptics. The refractive 
5 power can be obtained with a rigid, poorly biocom- 
patible material and yet the lens can be foldable for 
insertion. 

Other advantages and features will become 
apparent from the following description of the pre- 
70 ferred embodiments, and from the claims. 



Description of the Preferred Embodiments 
75 We first briefly describe the drawings. 

Drawings 

20 Rg, 1 is a sectional view of a portion of an 

eye. 

Fig. 2 is a schematic sectional view of an 

IOL 

Figs. 3, 4 t 5A and 6, are sectional views of 
25 IOL embodiments. 

Rgs. 5B, 5C show front views of the IOL of 
Fig. 5A in respectively relaxed and extended posi- 
tions. 

Rgs. 7A, 7B show schematic sectional views 
so of an IOL embodiment with changeble refractive 
power. 

Rgs. 8A, 8B, 8C show schematic sectional 
side views of fluid chambers for supplying an IOL 
embodiment having a fluid cavity. 

35 

Structure and Operation 

Referring to Rg. 1, an artificial intraocular lens 

40 (IOL) 10 is implanted in an eye 12 in essentially the 
same position (behind iris 14 and anterior chamber 
16 and within posterior chamber 18) where the 
removed natural lens was located. IOL 10 has a 
front surface 20 that forms an interface with iris 14 

45 and with anterior chamber 16, and has a rear 
surface 22 that likewise forms an interface with the 
membrana hyaloidea 24 of vitreous body 26. 

IOL 10 can assume a variety of configurations 
not necessarily limited to the one suggested in Rg. 

so 1. Referring to Rg. 2, IOL 10 has an optical body 
that includes outer and inner layers 30, 32, respec- 
tively. Outer layer 30 has a front face (outer sur- 
face) 20 in contact with the medium in anterior 
chamber 16 and a rear face 22 in contact with the 

55 medium in posterior chamber 26. Layer 32 is im- 
bedded within layer 30 and has two interfaces 34, 
36 with layer 30. 
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Layer 30 is formed of *a hydrophilic hydrogel 
material with very high water content (more than 
65%, preferably more than 75%. most preferably 
more than 90% water, in equilibrium) and a refrac- 
tive index no greater than 1 .40, preferably no great- 
er than 1 .35, most preferably 1 .34 (the same as the 
refractive index of the aqueous humor in anterior 
chamber 16 and posterior chamber 26). The refrac- 
tive power represented by the .two faces 20, 22 is 
proportional to the difference in refractive indexes 
across those faces and is therefore small, prefer- 
ably zero (I.e., when the refractive indexes of layer 
30 and chambers 1 6, 26 are all equal). 

Particularly preferred hydrogels for layer 30 are 
derivatives of polyacryiic or polymethacrylic acid, 
such as amides, carboxylates, and hydrophilic es- 
ters, and their mixtures, both covalently and phys- 
ically cross linked. By amides are meant plain and 
also substituted acrylamide and methacrylamide. 
By carboxylates are meant salts of methacryiic and 
acrylic acid with inorganic and organic cations. By 
hydrophilic esters are meant acrylates and 
methacrylates of glycols, glycerine, sugars, sac- 
charides, polysaccharides, polyethylenoxides, ami- 
no acids, amino alcohols, and the like. 

Another preferred group of hydrogels for layer 
30 are polymers and copolymers of hydrophilic 
vinyl derivatives such as 2-vinylpyrrolidone, vinyial- 
cohol, vinyl sulfonic acid, or vinyl amine, which has 
a heteroatom in the side group (nitrogen, oxygen, 
or sulfur) bound directly to the carbon polymer 
backbone. Again, such compounds can be covalen- 
tly or physically cross linked (see below). 

Another possible group of hydrogels for layer 
30 are copolymers containing long polyoxyethylene 
or polyethylene imine chains interconnected by 
means of suitable chemical bonds, particularly by 
urethane, urea, ester, ether, amide, or acetal 
bonds, for example, irradiation-cross linked 
polyethylenoxyde or hydrophilic segmented 
polyurethanes. 

Another potentially useful group of hydrogels 
for layer 30 are polyeiectrolyte complexes, which 
are mixtures of high-mo fecular poiycations and 
polyanions, as described in Encyclopedia of Poly- 
mer Science and Technology, Vol. 10, page 765 - 
(published by Interscience Publisher, 1968), incor- 
porated herein by reference. 

Also, the hydrogels for layer 30 can be modi- 
fied natural polymers such as grafted polysac- 
charides, chemically substituted polysaccharides, 
modified polypeptides, such as grafted and/or 
cross linked collagen, and their mixtures and com- 
binations (for example, interpenetrating networks 
with synthetic hydrogels). 



The choice of a suitable hydrogel for layer 30 
is based, not only on its optical properties and 
water content, but also on its biocompati'biiity and 
chemical, photo-and mechanical stability, and its 
s actual performance within the eye. 

The covalent cross linking mentioned above in 
connection with any of the synthetic or natural 
hydrogels can be achieved by well known meth- 
ods, for example, by reaction of side groups of the 
io already made polymer with a bi-or polyfunction^ 
reactive compound, or during polymerization by 
admixing a compound with two or more 
copoiymerizable double bonds. Other possible 
cross linking techniques include polymerization of a 
15 monomer in a preformed lattice of basic polymer - 
(interpenetrating networks), or cross linking by ion- 
izing radiation. 

Physical cross linking would be the result of 
specific attractive interaction between polymer 

20 chains or their parts, such as in already mentioned 
polyeiectrolyte complexes. Alternatively, physical 
cross linking would be that of in grafted or block 
copolymers containing both hydrophilic and hy- 
drophobic moieties organized in continuous se- 

25 quences or blocks, which may be part of the basic 
chain (in block copolymers) or side chains (in graft- 
ed copolymers). Hydrophobic and hydrophilic 
moieties separate into two polymer phases, one 
being water-swellable and the other being non- 

ao swellable in water. The latter plays a roie similar to 
that of chemical links in covalently cross linked 
hydrogels. If need be, both covalent and physical 
cross linking can be combined. 

Examples of physically cross linked hydrogels 

35 for layer 30 may include polyurethanes with hydro- 
philic soft blocks and hydrophobic hard blocks, or 
partially hydrolyzed polyvinylacetates (i.e., block 
copolymers of vinylacetate and vinyl alcohol). 

Particularly advantageous hydrogels are those 

40 based on modified polyacrylonrtrile (PAN), which 
contains numerous sequences of PAN groups in 
each chain that alternate with sequences of hydro- 
philic derivatives of acrylic acid. Examples of such 
PAN derivatives are described in United States 

45 patents 4,331 ,783, 4,337,327, 4,369,294, 4,370,451 , 
4,379,874, and 4,420,589, incorporated herein by 
reference. 

The advantage of hydrogels of the PAN deriva- 
tive type are its excellent mechanical properties at 

so very high water content, and the numerous types of 
functional groups which can be incorporated into 
their soft segments. 

It is advantageous if at least surfaces 20, 22 of 
layer 30 contain ionized negatively charged groups, 

55 such as sulfo-groups, carboxylates, or sulphate 
groups. Surfaces containing such groups have ex- 
cellent biocompatibiiity and extremely low friction 
with respect to adjacent tissue. 
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It is also advantageous to create a swelling 
gradient in layer 30, with swelling decreasing from 
its maximum value at interfaces 20, 22 inward. 
Such a gradient enables IOL 10 to merge into the 
intraocular medium 16, 26 with maximum phys- 
iological tolerance. The gradient can be achieved 
by assembling thin layers of hydrogels with gradu- 
ally increasing swelling capacity, or possibly by 
introducing highly hydrophilic groups, such as ion- 
ized sulfo-or carboxylate groups, in gradually or 
continuously decreasing concentration from inter- 
faces 20, 22 inward. The gradient can also be 
achieved, e.g., by chemical modification of the 
hydrogel outer layer, such as by sulfonation and/or 
sulphatation, which are diffusion controlled. 

Another possibility is to create a gradient of 
composition and/or a gradient of network density - 
(due to either covalent or physical cross linking) by 
well known methods. 

The use of such a plurality of layers with 
different refractive index or a gradient of refractive 
index does not alter the refractive power of IOL 10 
if the layers are parallel, i.e., rf all interfaces be- 
tween the layers have the same radii of curvature. 
Similarly, the sub-layers of material each with a 
constant refractive index in layer 30 all must have 
the same curvature to be optically inactive. Mod- 
erate deviations from this condition can be com- 
pensated by adjustments of curvature of the inter- 
nal refractive interfaces 34, 36. 

The gradient properties in layer 30 allow for 
maximum suppression of internal reflections and 
maximum utilization of ultra-high water content 
where it is the most important, i.e., at the lOL's 
interface with living tissues and intraocular medium. 

Referring again to Fig. 2, the refractive power 
of IOL 10 is imparted almost solely (and preferably 
at least 50%) at the two interfaces 34, 36 across 
which there is a much larger difference in refractive 
index, than across faces 20, 22. The refractive 
power of IOL depends both on this refractive index 
difference and on the respective radii of curvature 
of surfaces 34, 36, in accordance with the well- 
known equation 

1/f = D = A n(1/R, + 1/R 2 ) 

where f is the focal distance in meters, D is the 
refractive power in diopters, An is the difference 
between the refractive indices, and R, and R x are 
the radii of curvature of the anterior and posterior 
surfaces (34, 36 in Fig. 2) of the inner layer respec- 
tively with respect to an incident beam. The refrac- 
tive power of IOL 10, when implanted is between 
+ 5 and +30 diopters, depending on the configura- 
tion. The ratio of the refractive power in air to the 
refractive power, when implanted, is lower than 3, 
preferably lower than 1.5. 



In Fig. 2, layer 32 is schematically depicted as 
being formed by a gas-filled biconvex cavity 38 in 
the shape of a conventional lens. Cavity 38 could 
also be plano-convex. 

s In the case where cavity 38 is filled with air - 

(which has a refractive index of 1.00), An is greater 
than or equal to 0.34, so that R, and R, in the 
above equation can be relatively large and the 
overall thickness of the lens can thus be relatively 

io small while achieving high refractive power in a 
large diameter IOL 10. Furthermore, cavity 38 fa- 
cilitates folding IOL 10 for implanting because IOL 
10 can be relatively thin, gas is relatively flexible, 
surfaces 20, 22 can be fiat, and two (or more) outer 

75 layers 30 can be bent or folded with relatively little 
stress. 

Preferably cavity 38 is filled with a gas that is 
in therm odynamical equilibrium with gases dis- 
solved in the intraocular medium, i.e., has a partial 

20 pressure corresponding to the partial pressure of 
gases dissolved in the intraocular medium. 

Cavity 38 also could be filled with a low refrac- 
tive index liquid, such as water, saline, aqueous 
solution of polymers, and the like. Then the overall 

25 lens thickness would be greater (depending on the 
refractive index of layer 30) because An would be 
smaller than 0.34. 

A broader range of materials can be used for 
layer 32 than for layer 30 because it is not in direct 

30 contact with living tissue. Essentially any material 
that has high clarity, is optically stable, and does 
not have leachable toxic and otherwise harmful 
impurities can be used. 

For example, layer 32 could be polymers se- 

35 lected from hydrogels of the types listed for use in 
outer layer 30, with the same or lower water con- 
tent. 

Alternatively, layer 32 could be from the class 
of polyacrylates and pblymethacrylates, such as 

40 polyacrylic and polymethacrylic esters of alcohols 
with one to eighteen carbons, and particularly with 
one to six carbons. Particularly advantageous 
would be polymers and copolymers of this type 
which are soft or flexible at body temperature, and 

45 more particularly covalentiy cross linked ones. 

Other polymers for layer 32 can be poiysilox- 
anes, polystyrene and its derivatives, 
polyacrylonitrile, polymers of vinyl derivatives, such 
as polyvinylcarbazole, polyvinyl pyrridine, poly- 

50 vinyichloride, in various combinations of compo- 
nents, both plain and in combination with non- 
leachable plasticizers. Preferably the materials cho- 
sen for layer 32 will be flexible, although even rigid 
materials can be folded without a damage if in a 

55 thin layer (e.g., a thin membrane of polystyrene or 
polymethmetacrylate or even glass can be bent or 
folded without any destruction). 
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Thus even rigid materials and those with poor 
contact biocompatability can be used to produce a 
foidabie, highly biocompatible IOL 10. 

In any case, the combination of materials used 
for IOL 10 should be such that the overall density 
is equal to or very close to that of the intraocular 
medium, which is very dose to 1.0, i.e., between 
0,95 and 1.05, preferably between 0.98 and 1.02. 
This helps to diminish or even eliminate inertial 
forces {acceleration during head movements) which 
would tend to dislocate IOL 10, and may permit 
IOL 10 to be implanted without the need for hap- 
tics. 

IOL 10 has a thickness prior to implantation of 
between 0.2 and 1 mm and after implantation be- 
tween 1 and 5 mm. The optical portion of IOL 10 
has a diameter between 6 and 9 mm. 

Referring to Fig. 3, layer 32 could alternatively 
have a front interface 34 in the configuration of a 
modified Fresnel-Iike lens in which a central part 40 
of the interface 34 has a conventional smoothly 
curved lens surface, while the remaining part has 
multiple facets. 

The interface 34 represents the curved surface 
of an ordinary lens ("parent lens") disassembled in 
thin concentric strips (or a helix approximating such 
strips) and reassembled into a plane (or generally 
into any other surface different from the original 
surface). The normals to interface 34 as a function 
of distance from the optical axis approximate or are 
the same as in the parent lens and so are, there- 
fore, the optical parameters. Thus the optical pa- 
rameters and diameter of layer 32 are independent 
of its thickness and IOL 10 can have the shape of a 
thin foidabie foil and yet have a large diameter, 
high refractive power, and small difference in re- 
fractive index. 

The sharp edges of interface 34 are not in 
direct contact with intraocular medium or tissue. 

A Fresnel-Iike interface 34 can be gas filled, or 
it can form the interface between a gas or liquid 
layer, and the neighboring polymer layer. 

Interface 34 can be situated between two poly- 
mer layers with different refractive indexes, such as 
two layers of hydrogel with respectively different 
water content 

It is particularly advantageous to make continu- 
ously curved central part 40 with a diameter be- 
tween 1 mm and 5 mm, which enables manufac- 
ture at much lower cost, and provides a central 
portion of IOL 10, utilized for focused (as opposed 
to peripheral) vision, which is undisturbed by the 
circular pattern of the remainder of interface 34. 

The central portion 40 can be continuous be- 
cause it does not contribute substantially to the 
overall thickness. 



Referring to Fig. 4, in another embodiment the 
outer surfaces 20, 22 of IOL 10 can be curved with 
contours that simulate the contours of a natural 
lens. Surfaces 20, 22 are formed by a flexible 
s membraneous skin 48 that defines the outer walls 
of front and rear chambers 50, 52 that can be 
inflated by filling with an essentially dry hydrophilic 
viscous aqueous solution (e.g., a solution of 
hyaluronic acid) having properties similar to the 

70 intraocular medium in chambers 16, 26, and molec- 
ular weight larger than the permeation limit of skin 
48, so that inflation occurs automatically by water 
from the intraocular medium being absorbed 
through skin 48 into the dry hydrophilic polymer. 

rs Between chambers 50, 52 lies an air-filled cavfty 
54 wrthin a hydrogel layer 56. Skin 48 is attached 
around the periphery of layer 56. The pressure 
differential across skin 48 is arranged to be zero or 
nearly zero. Refraction occurs only at the interfaces 

20 between layer 56 and cavity 54. 

Referring to Figs. 5A, 5B, in order to enable 
IOL 10 to resist intraocular pressure (typically 30 
mm Hg) and at the same to permit easy insertion 
of IOL 10 through a small incision (e.g.. as small as 

25 4 mm 2 ), IOL 10 can be formed using a rigid flexible 
three-loop rim 60 which defines an optical portion 
62 and two peripheral haptics 64, 66 for holding 
IOL 1 0 in place within the eye. Alternatively, rim 60 
could have a single loop without haptics. Gas-filled 

30 cavity 68 is defined within a layer 70 of hydrogel 
elastic material (having refractive index near 1.34) 
that is stretched over and held in tension (like a 
drum) by rim 60," such that no part of rim 60 
touches any Irving tissue of the eye. A spacer peg 

35 72 at the optical axis (not shown in Fig. 5B) is 
connected to either or both adjacent walls (films) of 
layer 70 and aids in defining cavity 68 as against 
the intraocular pressure bearing on layer 70. Refer- 
ring to Fig. 5G, in order to insert IOL 10 through a 

40 small corneal incision, rim 60 is deformed as 
shown; after insertion it returns to the configuration 
of Fig, 5B. 

Referring to Fig. 6, IOL 10 can be structured to 
simulate the natural accommodation of the natural 

45 lens by changing the refractive power on demand 
between two dioptic values, for example, one cor- 
responding to a long distance view and the other to 
a reading distance. 

The change between the two refractive powers 

so is achieved in an IOL 10 of the kind in which at 
least one internal layer is formed by a fluid me- 
dium. 

The change of refractive power can be 
achieved either by a change of refractive index of 
55 the fluid medium, or by change of curvature of the 
interface between the fluid medium and the neigh- 
boring layer. A change of the refractive index can 
be achieved by exchanging one medium with an- 
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other medium having a different refractive index, 
the media being preferably immiscible. For exam- 
ple, in Fig. 6, a layer 74 can be filled alternatively 
by two different fluids via channels 76 from a pair 
of supply chambers 75, 77. Because the interfaces 
between layers 74 and 78 have different curva- 
tures, the contribution of layer 74 to the overall 
refractive power of IOL 10 will depend on its refrac- 
tive index. A number of liquid pairs can be selected 
based on their immiscibility and different refractive 
indexes, e.g., water and brornobenzene. 

An advantageous pair is saline and air since 
they are non-corrosive to many iOL materials, non- 
toxic, and have limited miscibiiity, a large differ- 
ence in refractive index, and a large difference in 
density. The difference of refractive index is about 
0.34. If the refractive index of layer 78 is, for 
example, 1.44, then the refractive power will be 
changed by a factor of 

0.44/0.1 = 4.4 

If the refractive index of layer 78 is instead 1.35, 
then the refractive power will be changed by a 
factor of 

0.35/0,01 = 35 

Thus, the refractive power can be readily changed 
in a broad dioptic range, particularly if combined 
with a refractive interface 80 of fixed optical power. 

The refractive change is achieved by one me- 
dium (e.g., air) being fully replaced by another 
medium (e.g., saline) in layer 78. The medium 
exchange is facilitated by the difference of den- 
sities of the two media. In Fig. 6, 82 is the out- 
ermost hydrophllic layer with low refractive index, 
78 is the inner layer with higher refractive index, 
and 80 is the refractive interface between layers 
78, 82 in the form of a FresneHike lens. 

The full replacement of medium can be also 
facilitated by including a thin flexible membrane 79 
separating the media from each other in such a 
way that the membrane is closely adjacent to one 
or the other interface of layer 74. Being of uniform 
thickness, the membrane does not itself contribute 
to the overall refractive power of IOL 10. Such a 
membrane must be compatible with both fluids. It 
can be made, for instance, of silicone rubber, natu- 
ral rubber, polyurethane, vinyliden chloride (Saran), 
polyethylene, or plasticized poiyvinylchloride. The 
overall volume of layer 74 remains the same so 
that the channels 76 have to be connected to 
containers of variable volume, each containing one 
of the fluids and both preferably located outside 
the optical zone of IOL 10. 



The change of the refractive power can be also 
achieved by changing the curvature of the interface 
between two of the layers having different refrac- 
tive indexes. One approach is to have two layers 
5 'formed by fluids, separated by a thin membrane 
which does not itself contribute, to the refractive 
power. By changing volumes of the layers (the sum 
of their volume being constant) the separation 
membrane, and hence the interface, changes its 
70 curvature. For example, referring to Figs. 7A, 7B, 
layers 93, 94 are chambers filled respectively with 
media of different refractive index, and a defor- 
mable membrane 95 forms a thin interface be- 
tween them. The volumes of layers 93, 94 can be 

75 changed since they are connected to containers of 
variable volume (not shown) respectively via chan- 
nels 96, 98. Membrane 95 can be made of a 
flexible material, and can be deformed into a 
spherical shape by a pressure differential between 

20 the layers 93, 94. 

Finite changes in pressure (or volumes) in lay- 
ers 93, 94 can cause finite changes in the shape of 
membrane 95, and thus in the refractive power of 
the interface. Such an arrangement could be uti- 

25 lized for continuous accommodation if the volume 
of the chambers could be derived from the tension 
in the ciliary muscles of the eye. The change of 
membrane geometry between two preset shapes 
can be achieved by changing the liquid volume 

so adjacent to the membrane in exactly the preset 
increment. 

In Figs. 7A, 7B, outermost soft layer 91 has 
high water content and low refractive index; layer 
92 has high refractive index and one convex inter- 
35 face; layer 93 is the layer of a fluid medium with 
very low refractive index, such as air; and layer 94 
is the layer with a liquid medium with refractive 
index higher than that of layer 93. Fig. 7A shows 
the higher refractive state of IOL 10 with layer 95 
40 convex (from direction of the incident beam). Fig. 
7B shows the lower refractive power state wfth 
layer 95 concave. 

Because the sum of the volumes of layers 93, 
94 is constant, the media in layers 93, 94 should 
45 be supplied from separate containers subject to 
equal volume changes. If one medium is a gas, 
such as air, its supply container can have fixed 
volume but changing pressure. 

Referring to Rgs. 8A, 8B r 8C, a container 100 
so having a variable volume (where Rgs. 8A, 8B re- 
spectively show its configuration with its maximum 
and minimum volume) includes a deformable wail 
101 formed by a bistable rigid membrane. The 
advantage of bistabriity is that the volume within 
55 container 100 can have only two stable values 
corresponding to volume changes in the corre- 
sponding layer in the IOL to which it is connected 
via a channel 103. 
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If variable volume containers are used to serve 
'both media (which is advantageous in any case, 
and especially if both media are liquids) then it is 
advantageous to use an arrangement (Fig. 8C) 
where the bistable membrane 101 forms a partition 
wall between two compartments of a single con- 
tainer 104, the two compartments containing dif- 
ferent media, assuring that the volume changes in 
both sides of membrane 104 are the same but of 
opposite signs. The pressure on membrane 101 
operating to force the volume change is generated, 
for example, by permanent magnet elements 102 
attached to membranes 101 with opposite polar 
orientation for containers 100 which contain the two 
media (in the case of Figs. 8A, 8B). In the case of 
Fig. 8C a single magnetic element 102 suffices. 
The pressure can be generated by another magnet 
brought near to the outside the eye, which will 
push membrane 101, if seated in a convex, posi- 
tion, into a concave position (if element 1 02 has the 
same polarity as the external, magnet), or pull it 
from the concave position to the convex position if 
the polarities are opposite. The major advantages 
of direct magnetic action are that the magnetic field 
generates the necessary energy without an auxil- 
iary power source (such as a battery); strong inter- 
ference magnetic fields are rare; and no trans- 
ducers or actuator elements are necessary The 
same type of containers with variable volume and 
magnetic action can be used with the embodiments 
that involve changing the refractive index (i.e., ex- 
change of two media in the same layer) or cur- 
vature of interface between two layers (membrane 
interface). 

Other embodiments are within the following 
claims. 



Claims 

1 . An artificial intraocular lens for insertion into 
an eye comprising 

an optical body for placement across the optical 
axis of said eye for refracting images received via 
the cornea of said eye in order to focus said 
images on the retina of said eye, and 

an outer surface that encloses said optical body, is 
exposed to fluid within said eye, and has a refrac- 
tive index no greater than 1 .40. 

2. The lens of claim 1 wherein said outer 
surface comprises a hydrogel polymer having an 
equilibrium water content of at least 65%, prefer- 
ably at least 75%, most preferably at least 90%. 

3. The lens of claim 2 wherein said polymer 
comprises a hydrophilic derivative of polyacrylic or 
polymethacryiic add. 



4. The lens of claim 3 wherein said derivative 
comprises a copolymer containing hydrophilic and 
hydrophobic groups organized in continuous se- 
quences. 

5 .5. The lens of claim 2 wherein said polymer is 

covalently cross-linked. 

6. The lens of claim 1 wherein said outer 
surface includes ionized negatively charged 
groups. 

to 7. The lens of claim 1 wherein said optical 

body comprises 

an outer layer on which said outer surface lies, and 

is an inner layer of different refractive index from said 
outer layer, said inner and outer layers meeting at 
an interface, more than 50% of the refraction by 
said lens occurring at said interface. 

8. The lens of claim 2 or 7 wherein said outer 
20 layer comprises a swellable material having a gra- 
dient of swel lability that decreases from a maxi- 
mum value at said outer surface. 

9. The lens of claim 1 wherein said optical 
body comprises a plurality of layers, said layers 

25 comprising materials of different refractive index, 
said layers being defined by surfaces a plurality of 
which have the same radius of curvature. 

10. The lens of claim 7 wherein 

30 said inner layer has front and rear optical faces, 

said outer layer encloses said inner layer, 

said outer surface of said lens comprises front and 
35 rear exposed optical surfaces on said outer layer, 
and 

said outer layer comprises two internal optical 
faces that respectively cooperate with said front 
40 and rear optical faces of said inner layer to define a 
pair of refractive interfaces. 

1 1 . The lens of claim 1 0 wherein at least one 
said refractive interface is convex or concave. 

12. The lens of claim 7 wherein said inner layer 
45 comprises a fluid. 

13. The lens of claim 7 wherein said interface 
comprises a FresneMike surface. 

14. The lens of claim 10 wherein one said 
refractive interface is planar. 

50 15. The lens of claim 1 wherein the contour of 

said outer surface, and the front-to-back thickness 
of said lens, are the same as for a natural lens. 

16. The iens of claim 1 wherein said lens can 
be temporarily altered in shape, to permit said lens 

55 to be inserted through corneal or sclerotic incision 
no larger than 4 mm 2 . 
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17. The lens of claim 7 wherein said outer 
layer comprises a pair of fluid filled chambers 
located respectively in front of and behind said 
inner layer, at least one said chamber being filled 
by a viscous, water heavy material. 

18. The lens of claim 10 further comprising a 
rigid, resilient ring for defining the perimeter of said 
optical body, 

said outer layer comprising a pair of films formed 
on and spaced apart by said ring, and 

said inner layer being defined between the respec- 
tive internal faces of said films. 

19. The lens of claim 18 further comprising a 
spacer peg having its ends in contact with said 
internal faces for resisting movement of said films 
toward each other caused by intraocular pressure. 

20. The lens of claim 19 wherein said peg is 
positioned on the optical axis of said eye. 

21. The lens of claim 1 wherein said optical 
body comprises means for imparting different 
selective refractive powers to said lens. 

22. The lens of claim 21 wherein said optical 
body comprises an enclosed chamber and said 
means for imparting includes fluids of different 
refractive index. 

23. The lens of claim 20 wherein said means 
for imparting comprises 

a pair of layers wfthin said optical body separated 
by a flexible interface, and 

means for shifting the contour of said interface. 

24. The lens of claim 23 wherein 

said pair of layers comprise a chamber and said 
interface comprises a membrane that divides said 
chamber into two subchambers, and 

said means for shifting comprises means for pump- 
ing selectable volumes of fluid into said subcham- 
bers. 

25. The lens of claim 21 wherein said optical 
body comprises a chamber and said means for 
imparting comprises a pump for delivering fluid into 
said chamber. 

26. The lens of claim 25 wherein said pump 
comprises a membrane, and a magnet cooperating 
with said membrane, said magnet being positioned 
to interact with an external magnet placed in prox- 
imity to the cornea of said eye, 

27. The lens of claim 1 further comprising 

a central optical 2one of diameter between 1 mm 
and 5 mm. 



28. The lens of claim 1 having a selectable 
refractive power, when implanted, between +5 and 
+ 30 diopters. 

29. The lens of claim 1 wherein said refractive 
5 index is preferably no greater than 1.35. 

30. The lens of claim 12 wherein said fluid is a 
gas having a composition corresponding to the 
partial pressure of gases dissolved in the in- 
traocular medium. 

70 31. The lens of claim 1 wherein the ratio of the 
lens refractive power in air to its refractive power 
when implanted is lower than 3, preferably lower 
than 1.5 

. 32. The lens of claim 1 having a thickness 
is before implantation between 0.2 and 1 mm and 
after implantation between 1 and 5 mm. 

33. The lens of claim 1 having a diameter of 
the optical portion between 6 and 9 mm. 

34. The lens of claim 17 wherein said cham- 
20 bers are inflatable following implantation. 

35. The lens of claim 34 wherein said cham- 
bers comprise a dehydrated hydrophrlic material 
not permeable through said outer surface, and said 
inflation occurs by absorption of water from the 

25 intraocular medium in said eye, through said outer 
surface, and into said hydrophiiic material. 

36. The lens of claim 1 having a density of 
between .95 and 1.05, preferably between 0.98 and 
1.02. 

30 37. The lens of claim 22 wherein said fluids are 

immiscible and of different density. 

38. The lens of claim 22 wherein one said fluid 
is saline. 

39. An artificial intraocular lens for insertion into 
35 an eye comprising 

an optical body for placement across the optical 
axis of said eye for refracting images received via 
the cornea of said eye in order to focus said 
40 images on the retina of said eye, 

an outer surface that encloses said optical body 
and is exposed to fluid within said eye, 

45 said optica! body comprising an outer layer on 
which said outer surface lies and an inner layer 
having an internal refractive surface, and 

means for selectively changing the refractive power 
so of said internal refractive surface by changing the 
contour of said internal refractive surface. 

40. The lens of claim 39 wherein said inner 
layer comprises 

55 a pair of chambers separated by a flexible mem- 
brane forming said internal refractive surface, 

said chambers respectively containing two fluids 
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having different refractive indexes, and 

means for controlling said fluids to change said 
contour of said membrane. 

41 . The lens of claim 40 wherein s 

said means for controlling comprises 

means for changing the volumes or pressures of 
said fluids in said chamber. w 

42. The lens of claim 39 wherein said internal 
refractive surface occupies a convex contour for 
one refractive power and occupies a concave con- 
tour for another refractive power. 

43. The lens of claim 40 further comprising is 

two containers connected respectively to said 
chambers for holding supplies of said two fluids, 

20 



25 



30 



35 



40 



45 



50 



55 



each said container having a flexible wall, and 

means for shifting the contour of each said flexible 
wall to change the volumes of said fluids in said 
chambers. 

44. The lens of claim 43 wherein said flexible 
walls comprise a single membrane that forms a 
common wall between said two containers. 

45. The lens of claim 40 wherein said means 
for controlling comprises a magnet for triggering 
said change of contour. 

46. The lens of claim 39 wherein said contour 
is changed without changing the configuration of 
said outer surface. 
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